We study relativistic mean-field (RMF) models including nucleons interacting with scalar, vector and iso-vector mean fields and mean-field self-and cross-interaction terms. Usually, in such models the magnitude of the scalar field increases monotonically with the nucleon density, and the nucleon effective mass decreases. We demonstrate that the latter quantity stops decreasing and the equation of state stiffens, provided the mean-field self-interaction potential rises sharply in a narrow vicinity of the values of mean fields corresponding to nucleon densities n > ∼ n * > n0, where n0 is the nuclear saturation density. As a result the limiting neutron star mass increases. This procedure offers a simple way to stiffen the equation of state at densities above n * without altering it at densities n < ∼ n0. The developed scheme allows a neutron star application of the RMF models, which are well fitted to finite nuclei but do not fulfill the experimental constraint on the limiting neutron star mass. The exemplary application of the method to the well-known FSUGold model allows us to increase the limiting neutron star mass from 1.72 M⊙ to M ≥ 2.01 M⊙. A relativistic mean-field (RMF) model proposed and advertised in [1-3] is a convenient vehicle for construction of the equation of state (EoS) of baryon matter, which preserves causality. Various RMF models are successfully used to describe neutron stars (NS) and heavy-ion collisions, see [4] [5] [6] . The models prove to be also applicable to atomic nuclei, where a high precision in the description of gross properties of finite nuclei close to the valley of stability can be achieved [7, 8] . An accurately calibrated parametrization of the RMF model was introduced in [9] , known as the FSUgold model, which allows one to compute the ground state properties of finite nuclei and neutron rich matter.
In order to describe finite nuclei well, one includes the self-and cross-interaction terms of meson fields [9] [10] [11] and/or nonlinear derivative couplings [12] . However these models yield a rather soft EoS and cannot describe the heavy NSs with masses of (2.01 ± 0.04)M ⊙ , where M ⊙ is the mass of the Sun, which were recently unambiguously identified experimentally [13, 14] . Additional complication arises if hyperons are included in the consideration, since in their presence the EoS softens even more, cf. [15] . To reconcile the appropriate description of the properties of atomic nuclei and the NS mass constraints, one exploits density-dependent coupling constants [16] . Similarly, one could use mean-field-dependent coupling constants, cf. [17, 18] .
In this Rapid Communication, we will demonstrate that, if the mean-field self-interaction potential rises sharply in a narrow vicinity of the values of mean fields corresponding to nucleon densities n > ∼ n * > n 0 , where n 0 is the nuclear saturation density, the nucleon effective mass saturates and the EoS stiffens. As a result the limiting NS mass may increase above the value (2.01 ± 0.04)M ⊙ . This procedure offers a simple way to stiffen the EoS at high densities without altering it at densities n < ∼ n 0 . For illustration purposes we work with the standard non-linear Walecka (NLW) model [3] defined by the Lagrangian
Here Ψ N = (ψ p , ψ n ) T is the isospin doublet of Dirac bispinors for protons (p) and neutrons (n) with the bare mass m N = 938 MeV; σ, ω, and ρ denote the fields of scalar, vector, and isovector-vector mesons with masses m σ , m ω , and m ρ , respectively; γ µ (µ = 0, 1, 2, 3) are the standard Dirac γ matrices; and t stands for the operator of the baryon isospin. The L int may include the scalar and vector-field self-interaction terms and the field crossinteraction terms. Following [19] we will first use the simplest form of the L int reducing to the scalar-field selfinteraction potential
, and c being coupling constants. Equations of motion for the mesonic fields are treated in the mean-field approximation with the solutions
where n S,i , i = n, p, is the nucleon scalar density, which can be expressed through the nucleon density n i as
, where x i = p F,i /m * N , and p F,i = (3π 2 n i ) 1/3 is the Fermi momentum. The effective nucleon mass m * N = m N (1−f ) depends on the σ field expressed through the dimensionless variable f = g σ σ/m N . Then the energy density following from the Lagrangian (1) is given by
The pressure is given by:
Five model parameters C ω , C σ , C ρ , b and c are tuned to fit the values of the saturation density n 0 , the binding energy per nucleon E 0 = E(n 0 /2, n 0 /2, f 0 )/n 0 − m N , the compressibility modulus K(n 0 ), the effective nucleon mass m * N (n 0 ) = m N (1 − f 0 ), and the symmetry energy
The system of linear equations relating the saturation parameters and the parameters of the model can be found, e.g., in Ref. [4] . In our study we use as a reference the set of parameters: n 0 = 0.16 fm −3 and E 0 = −16 MeV and
The parameters of our NLW model are C The composition of the NS matter being in the β-equilibrium is governed by the relation between the lepton and nucleon chemical potentials µ e = µ µ = µ n − µ p , where µ n,p = ∂E/∂n n,p and by the charge neutrality condition requiring that the charge of protons is compensated for by the charges of electrons and muons, i.e., n p = n e + n µ , with n l = θ(µ
3/2 /(3π 2 ) and m l standing for the mass of the lepton l. Solution of this system of equations determines nucleon and lepton densities as functions of the total nucleon density n = n p + n n .
The total energy density and pressure, E and P , for the NS matter are obtained after adding the kinetic contributions from leptons to the nucleon energy density and the pressure given by Eqs. (3) and (4). With P = P (E) at hand, the NS masses and radii are calculated with the help of the Tolman-Oppenheimer-Volkoff (TOV) equation. In the crust region we match smoothly our EoS with the Baym-Pethick-Sutherland (BPS) EoS [20] . The limiting mass of a NS for the present choice of parameters (5) is equal to 1.92 M ⊙ , which falls below the experimental limit. Now we propose a simple method for controlling the dependence of the scalar field f on the density that, as we demonstrate later, allows us to stiffen the EoS at densities higher than a certain chosen density n * > n 0 . To be specific let us consider isospin symmetric matter (ISM). The function f (n) depends on the derivative of the scalarfield potential U ′ (f ), see Eq. (2). Hence by changing
with an appropriately chosen ∆U (f ) we may quench the f (n) growth at densities n > ∼ n * . The requirement for the U (f ) can be easily educed from the derivative of the scalar field over the nucleon density following from Eq. (2) df dn
where U ′′ (f ) stands for the second derivative of the potential U with respect to f . The partial derivatives of the scalar density are equal to
From Eq. (7) we see that although df /dn is always positive [provided U ′′ (f ) > 0] it can be made as small as required if one takes U ′′ (f ) sufficiently large for f in the vicinity of a value f core determined by the choice of the density n * . According to Eq. (7) the requirement of a slow growth of the function f (n), ndf /dn ≪ 1 translates into the condition
which is insensitive to the particular choice of the original potential U (f ). Now let us give two examples of the appropriate dependence of ∆U (f ). We will refer to such an extension as the "σ-cut scheme" and denote the model as the NLWcut model. The potential
allows f to grow above the f s.core . This could be interpreted as an inclusion of the excluded volume effects with a soft core in the scalar baryon density. The maximum of ∆U ′′ (f ) in Eq. (10) is realized for f = f s.core and is equal to αβ 2 /4. Hence condition (9) means αβ 2 /(4m value f s.core . Thus, we have αβ 2 /(4m 4 N ) ≃ 1.7, and inequality (9) is fulfilled. If we choose a singular potential diverging at f = f h.core ,
the function f (n) will never exceed the value f h.core . This could be interpreted as an inclusion of the excluded volume effects with a hard core in the scalar baryon density. For densities n < 10n 0 the same dependence f (n) as for the potential (10) can be recovered with the potential in the form (11) with parameters α = 0.809 m 4 π , β = 11.138, and f h.core = f s.core + δf with δf = 0.190.
Applying the method to models with different values of f 0 it is convenient to present
For illustration we use the values c σ = 0.2, 0.3, 0.4, which correspond to f s.core ≈ 0.36, 0.44, and 0.52 for f 0 = 0.2. The potentials U and U given by Eq. (10) are shown on the left panel in Fig. 1 as a function of f . Symbols mark the values of [f (n); U (f (n))] and [f (n); U (f (n))] for various densities n. We see that indeed the symbols pile up in the region where the potential U has a maximal rise. On the right panel in Fig. 1 we show the effective nucleon mass m * N (n) = m N (1 − f (n)) as a function of the nucleon density, where f (n) follows as a solution of Eq. (2) . We see that the function m * N (n) flattens off for densities n > n * ≃ 1.9 n 0 , 3.0 n 0 , and 4.0 n 0 corresponding to c σ = 0.2, 0.3, and 0.4, respectively. The closer the f s.core value is to f 0 , i.e. the smaller c σ is, the smaller the density is, at which the NLWcut model starts to deviate from the original NLW model. The NLW model is recovered from the NLWcut model for c σ > ∼ 1, when U (f ) almost coincides with U (f ) for 0 ≤ f < ∼ 1 for all densities. We stress that all saturation properties of the NLWcut models remain the same as for the original NLW Two shadowed areas show the constraints on the pressure from the particle flow and the kaon production data in HIC extracted in [21, 22] . Bold dots show the extrapolation of the pressure consistent with GMR [22] . Right panel:
The NS mass and radius as functions of the central density for our models. The hatched band denotes the uncertainty in the value of the maximum measured NS mass of (2.01±0.04) M⊙.
model, since by construction ∆U (n 0 ) is chosen to be a tiny value. The influence of the quenching of the nucleon-mass decrease on an EoS is illustrated in the left panel in Fig. 2 , where we show the total pressure, Eq. (4), and the binding energy per nucleon as functions of the nucleon density in the ISM. We observe that the replacement (10) leads to a sizable increase of the pressure for n > n * because of a reduction of the negative contribution to the pressure coming from the explicitly σ-field-dependent term, P σ , which overcomes a slight decrease of the effective kinetic term P kin owing to a relative increase of the nucleon mass m * N . Constraints on the pressure extracted from the particle flow and the kaon production in heavy-ion collisions (HICs) [21, 22] are shown by the shaded areas and from analysis of the data on the giant monopole resonance (GMR) [22] , by the bold dots. We see that the EoSs in the NLWcut model with the input parameters (5) satisfy these constraints for c σ > 0.2, exceeding the upper limit of the HIC constraints only slightly for c σ = 0.2 and in a narrow interval of densities, 2 n 0 < n < 2.6 n 0 .
Different from the pressure, the energy-density and corresponding binding energy increase more weakly after the inclusion of the new term (10) to the potential. This occurs because an increase in the effective kinetic energy E kin density is almost fully compensated for by a decrease in the explicitly σ-field dependent contribution E σ . As a consequence, the net effect of the replacements (6) and (10) is a stiffening of the EoS P (E) for densities n > n * . This result holds also for pure neutron matter and NS matter since the symmetry energy is not influenced by the replacement (6) .
The stiffening of the EoS is reflected in an increase in the NS masses as functions of the central density, which are shown in the right panel in Fig. 2 for our models together with the experimental constraint M = (2.01 ± 0.04) M ⊙ . The proposed σ-cut scheme allows us to shift the maximal NS mass from 1.92 M ⊙ for the original NLW model to 1.96 M ⊙ , 2.03 M ⊙ , and 2.12 M ⊙ for c σ = 0.4, 0.3, and 0.2, respectively. Thus, using our modification one is able to fit the experimental constraint on the maximum NS mass, provided the value f s.core is chosen low enough (corresponding to c σ = 0.3 and 0.2 in our example). Also, the NS radius R is shown in this panel. As one may see, R changes only slightly with c σ increasing with a decrease of c σ . For example, within the NLWcut models with c σ ≥ 0.4 a NS with the mass M = 1.4M ⊙ has radius R = 12.7 km, whereas R = 12.9 km for c σ = 0.2.
It is instructive to study the dependence of the maximum NS mass on the input values m * N (n 0 ) and K(n 0 ) for different cut parameters c σ . In Fig. 3 we show the contour plot of the maximum NS mass for the original NLW model and the NLWcut model with c σ = 0.3. We see that the application of the σ-cut scheme removes completely the dependence of M max on the compressibility modulus K(n 0 ) for m * N (n 0 )/m N < 0.8, the contour lines on the right panel in Fig. 3 are almost parallel to the K(n 0 ) axis. The gain in M max proves to be larger, the smaller the ratio m * In this work we leave aside the question about hyperonization of the NS matter at high densities, which would soften the EoS and decrease the maximum available NS mass. A typical decrease of the maximum NS mass owing to hyperonization is rather large, typically ∼ 0.3-0.4M ⊙ , so that the maximum calculated NS mass may become below the maximum measured NS mass (the so-called "hyperon puzzle" [23] ). If included within the NLW model that we exploit here, the hyperons would appear at the density 2.73 n 0 , a value that changes weakly, if the σ-cut scheme is applied, decreasing with an decrease of c σ up to 2.56 n 0 for c σ = 0.2. A possible mechanism to overcome the problem within the σ-cut scheme presented in this work is the use of a smaller values of m * N (n 0 ) and/or c σ , see Fig. 3 . However, in this case the problem is solved at the price of a possible violation of the HIC constraints on the pressure in a certain density interval. Other mechanisms to solve the puzzle might be an alternative choice of the coupling constants, see [24] , field-(or density)-dependent parameters of the model [16, 18] , or something else.
As a further illustration we apply the σ-cut scheme to the FSUGold model [9] , which proved to be fine tuned to describe the properties of finite nuclei. This model includes the vector meson self-interactions, which are described by the interaction Lagrangian:
with additional parameters ζ and Λ v determined as in [9] . We modify the model by adding the scalar-field potential (10) In conclusion, we proposed a simple method of making the EoS obtained in a relativistic mean-field model stiffer at densities larger than some chosen value n * . The strategy is to quench the growth of the scalar field at the value f s.core . This can be achieved by adding to the energy-density a functional of the scalar field, which is vanishingly small for f ∼ f 0 < f s.core and is rapidly increased for f ∼ f s.core , so that its second derivative becomes sufficiently large. Then, the self-consistent solution of the corresponding equation of motion does not let the function f (n) to grow significantly above f s.core within a broad interval of densities, for n > n * . Herewith the EoS remains unaltered for densities n ∼ n 0 but stiffens significantly for n > n * , which results in an increase of the limiting value of the neutron star mass. We demonstrated the work of this method at hand of the standard non-linear Walecka model. Then we applied the method to the FSUGold EoS and showed that it is possible to increase the maximum neutron star mass bringing it in agreement with modern astrophysical constraints, without changing the EoS for densities below n ∼ n 0 .
The value f s.core might be associated with a manifestation of the nuclear core in the medium and for f in the vicinity of f s.core one may expect occurrence of the deconfinement phase transition. 
